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In dark matter axion searches, quantum uncertainty manifests as a fundamental noise source, lim-
iting the measurement of the quadrature observables used for detection. We use vacuum squeezing
to circumvent the quantum limit in a search for a new particle. By preparing a microwave-frequency
electromagnetic field in a squeezed state and near-noiselessly reading out only the squeezed quadra-
ture [1], we double the search rate for axions over a mass range favored by recent theoretical
projections [2, 3]. We observe no signature of dark matter axions in the combined 16.96–17.12 and
17.14–17.28µeV/c2 mass window for axion-photon couplings above gγ = 1.38 × gKSVZγ , reporting
exclusion at the 90% level.
INTRODUCTION
The manipulation of quantum states of light [4] has
long held the potential to enhance searches for new fun-
damental physics. Only recently has the maturation of
quantum squeezing technology coincided with the emer-
gence of fundamental physics searches limited by quan-
tum uncertainty [5, 6]. In particular, the QCD axion,
originally “invented” to solve the strong charge-parity
(CP ) problem of quantum chromodynamics [7], may con-
stitute the dark matter which makes up 27 % of the uni-
verse’s energy density [8–11]. Today, roughly a century
after it was first postulated, dark matter remains one
of the most profound mysteries in fundamental physics.
It determines cosmic structure formation and dominates
the dynamics of galaxies, and there is overwhelming ev-
idence that it cannot be composed of any particles de-
scribed by the Standard Model of particle physics.
Axions have in recent years emerged as leading dark
matter candidates. The case for dark matter axions has
been bolstered as the concepts and technologies used to
attempt to detect them have developed [1, 6, 12–16],
and experimental null results have placed stringent con-
straints on prominent alternatives [17]. If they exist, ax-
ions would likely be many orders of magnitude lighter
than all massive Standard Model particles. In fact, they
are sufficiently low-energy as to behave like a weakly cou-
pled oscillating field permeating all space. Investigating
this field’s existence requires detectors sensitive to the
axion’s coherent effects, rather than single-particle inter-
actions. Recent years have seen a proliferation of such
detector platforms, capable of probing different possible
values of the axion mass [12–15]. Among these, axion
∗ These two authors contributed equally; kelly.backes@yale.edu
haloscopes [6, 18–20], designed to search within the 1–
50µeV/c2 mass range, are, to date, the only platforms
to demonstrate sensitivity to the QCD axion.
An axion haloscope exploits the coupling gγ of the hy-
pothetical axion field a to the pseudoscalar electromag-
netic field product E · B. It comprises a tunable, high-
quality factor (Q) cavity embedded in a large static mag-
netic field B [21], coupled to a low-noise readout system,
and held at a cryogenic temperature. An oscillating axion
field generates a feeble oscillating electric field E which
is resonantly enhanced when the frequency correspond-
ing to the axion’s mass, νa = mac
2/h, falls within the
bandwidth of a TM0n0-like mode of the cavity. The crit-
ical feature of axion searches is achieving sensitivity over
a broad frequency range to detect a narrowband, axion-
induced power excess of order 10−23 W at the unknown
frequency νa.
The main figure of merit for a haloscope search is thus
the scan rate R (in Hz/s) at which the detector can tune
through frequency space for a given ratio of axion sig-
nal to noise power. Axion signal power in a haloscope
is determined by the magnetic field, cavity performance,
and physical parameters of the axion field. With the sig-
nal power fixed by those quantities, a given haloscope
has a quantum-limited scan rate imposed by the zero-
point fluctuations of the axion-sensitive cavity mode [1].
These fluctuations create a fundamental barrier to im-
proving haloscope scan rates that can only be overcome
using quantum-enhanced measurements [23]. Without a
means of bypassing the quantum limit, the highly unfa-
vorable R ∝ ν−14/3 frequency scaling [24] of single-cavity
haloscopes poses a stark challenge. At the quantum limit,
scanning the 1–10 GHz frequency decade at the bench-
mark KSVZ [25, 26] coupling would require hundreds of
years of live time for today’s state-of-the-art haloscopes.
Few axion dark matter searches have approached this
limit [6, 19], and until now none have exceeded it. Novel
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2FIG. 1. Illustration of the squeezed state receiver-equipped haloscope showing the transformation of the vacuum state in
quadrature space. A vacuum state, whose Wigner function (color surface) [22] is symmetric in quadratures Xˆ and Yˆ , is sourced
as Johnson-Nyquist noise from a 50Ω microwave termination (black box) at 61 mK. It is routed by a nonreciprocal element
(Circ) to the SQ Josephson parametric amplifier (JPA) which squeezes the Xˆ quadrature. The squeezed state may then be
displaced by a hypothetical axion field a in the axion cavity (Cav). It is subsequently unsqueezed by the AMP JPA, which in
the process amplifies the axion-induced displacement along Xˆ. The resulting state is measured by a conventional microwave
receiver led by a high-electron-mobility transistor (HEMT) amplifier. The time record of many realizations of this process are
Fourier transformed for subsequent spectral analysis (SA).
measurement technology is therefore needed to circum-
vent the quantum limit.
Here we report on a quantum-enhanced axion search.
The search was carried out with the Haloscope At Yale
Sensitive To Axion Cold dark matter (HAYSTAC), de-
signed to detect QCD axions in the ma > 10µeV/c
2
range favored by large-scale lattice QCD calculations of
post-inflationary Peccei-Quinn symmetry breaking sce-
narios [2, 3]. This work surpasses the quantum limit by
coupling the HAYSTAC cavity to the squeezed state re-
ceiver (SSR) [1] shown in Fig. 1. The SSR comprises two
flux-pumped Josephson parametric amplifiers (JPAs) [27]
coupled to the axion cavity via a microwave circulator.
The first JPA, labeled the “squeezer” (SQ), prepares a
squeezed vacuum state, which is coupled into the ax-
ion cavity and subsequently measured noiselessly using
the second, “amplifier” (AMP) JPA. We achieve 4.0 dB
of off-resonant vacuum squeezing, after the state is de-
graded by transmission losses and added noise, yielding a
factor-of-1.9 scan rate enhancement beyond what would
have been achievable at the quantum limit. Breaking
through the quantum limit invites a new era of funda-
mental physics searches in which noise reduction tech-
niques yield unbounded benefit rather than the dimin-
ishing returns of approaching the quantum limit.
SQUEEZED STATE RECEIVER
The SSR [1] is coupled to the cavity, which is governed
by the Hamiltonian
Hˆ =
hνc
2
(
Xˆ2 + Yˆ 2
)
, (1)
where Xˆ and Yˆ are the cavity field’s quadratures and
obey [Xˆ, Yˆ ] = i. The SQ, with half-pump frequency
centered on the cavity frequency, νp/2 = νc, performs a
unitary squeezing operation on the electromagnetic field
at its input, reducing the Xˆ quadrature variance below
vacuum and amplifying the Yˆ quadrature variance in ac-
cordance with the uncertainty principle. An axion field,
if present, displaces the squeezed state from the origin in
the cavity field quadrature phase space, proportional to
the Lorentzian transmission profile of the cavity at νa.
The squeezed quadrature is then amplified by the AMP
via the inverse operation used to perform the squeezing.
In the absence of any loss the entire process is noiseless
and unitary.
Squeezing improves the bandwidth over which the ap-
paratus is sensitive to an axion, rather than its peak sen-
sitivity, obtained at the cavity resonant frequency [1].
This bandwidth increase can be understood by consid-
ering the behavior of the three distinct noise sources
within a haloscope which obscure an axion-induced sig-
nal. The first is Johnson-Nyquist noise (which in the
zero-temperature limit is vacuum noise) Nc sourced from
the internal loss of the cavity as a consequence of the
3quantum fluctuation-dissipation theorem. This noise is
by definition inaccessible to the experimentalist, and can-
not be squeezed. It is filtered by the cavity response,
giving it a Lorentzian profile at the cavity output. The
second noise source is the system added noise NA, which
encompasses the added noise of the entire amplification
chain, including the AMP, referred to the input of the
AMP. This noise source has historically been a domi-
nant or co-dominant contribution [18–20], but here we
operate our JPAs in a phase-sensitive mode, which can
completely eliminate the contribution of this noise in one
quadrature [16, 28] (switching from phase-insensitive to
phase-sensitive operation on its own does not improve
scan rate, but only phase-sensitive operation allows for a
benefit from squeezing; see Appendix C of Ref. [1]). In
Appendix A, we show that our added noise is sufficiently
small as to be of negligible importance at all frequencies
of interest. The third noise source is Johnson-Nyquist
noise Nr incident on and reflected off the cavity, which
dominates away from cavity resonance. This noise is in-
variably present in any receiver configuration, and in our
setup it is sourced from a 50Ω termination held at the
cryostat base temperature (61 mK). The ratio of the sig-
nal spectral density Sax(δν) that would be delivered by an
axion at any given detuning δν = ν − νc from cavity res-
onance to the cavity noise Nc(δν) is spectrally constant.
Thus, the axion visibility α(δν), defined as the signal-
to-noise power spectral density (PSD) ratio (neglecting
transmission losses)
α(δν) =
Sax(δν)
Nc(δν) +NA(δν) +Nr(δν)
(2)
is maximized on resonance where Nc is most dominant
over Nr. Here, the denominator is the noise power spec-
tral density comprised of the sum of the three noise
sources listed above. The maximum visibility α(0) oc-
curs for an on-resonance axion signal. However, the scan
rate R also depends on the bandwidth over which high
visibility is maintained [1]:
R ∝
∫ ∞
−∞
α2(δν)dδν . (3)
By squeezing Nr, the SSR does not improve the maximal
visibility α(0), but rather increases the frequency range
over which Nc is the dominant noise source, improving
R and increasing the number of potential axion masses
simultaneously probed at each cavity tuning step.
Because squeezing reduces Nr, it is then beneficial to
overcouple the cavity’s measurement port relative to its
internal loss rate in order to increase the measurement
bandwidth [1]. The coupling ratio β = κm/κl, where κl
is the internal dissipation rate and κm is the rate at which
the cavity state decays out the measurement port, should
be set to approximately twice the deliverable squeezing,
defined as the variance reduction at the system output
S = σ2on/σ
2
off. In Fig. 2a, the dashed lines show Nc(δν)
in red and Nr(δν) in blue with β = 2 [6], the ideal cou-
pling ratio for a quantum-limited haloscope. The cavity
noise Nc, emerging from the cavity in δν-independent ra-
tio with a hypothetical axion signal, is only dominant
over the narrow band shown by the upper black arrow.
The solid lines show the operating conditions for this
work, where squeezing is employed and the cavity is over-
coupled at β = 7.1 (slightly higher than 2S due to ex-
cess thermal noise; see Appendix A). Squeezing reduces
the reflected noise, and increasing β to 7.1 increases the
cavity bandwidth. Without squeezing, β = 7.1 would
make cavity-reflected noise dominant at all frequencies.
Squeezing this noise below the quantum limit yields high
visibility extended far off resonance.
FIG. 2. Advantage conferred by squeezing. (a) Theory curves
show power spectral density (PSD) of Johnson-Nyquist noise
reflected off the cavity (Nr, blue) and generated within it
(Nc, red) at the cavity output, as a function of frequency.
Solid lines indicate operating parameters in this work and
dashed lines indicate the coupling configuration used in pre-
vious HAYSTAC operation [6]. The combination of squeezing
and larger cavity coupling increases the bandwidth over which
HAYSTAC is sensitive to axions. (b) and (c) Voltage fluctu-
ation (VX) histograms as a function of the phase θ between
the squeezer (SQ) and amplifier (AMP) pumps. In (b), the
SQ is turned off such that it reflects the vacuum noise un-
transformed, and the measured variance σ2off is independent
of phase. (c) The SQ is turned on and the variance σ2on is
minimized to a value < σ2off for θ = pi/2 and 3pi/2.
Figure 2b and c show a direct measurement of the
reduction in variance relative to vacuum in the AMP’s
amplified (Xˆ) quadrature, as a function of the phase θ
between SQ and AMP pumps. Noise is minimized when
θ is an odd multiple of pi/2, such that the AMP am-
plifies the quadrature that was initially squeezed. We
automatically stabilize the phase by using a single mi-
crowave generator to source both pump tones. Com-
paring amplified vacuum with the SQ on versus off, we
measure a delivered squeezing of S = 0.40 (equivalently,
−10 log 10(S) = 4.0 dB) off cavity resonance. Squeezing
of Nr is benchmarked off resonance where it is the dom-
4inant noise. In practice, squeezing is limited by η, the
transmissivity of the cables and microwave components
between the SQ and AMP, scaling as S = ηGs + (1− η)
where Gs is the inferred squeezing at the output of
the squeezer, limited by saturation effects [16]. In the
HAYSTAC system, η ≈ 0.63, giving S = 0.37 as the the-
oretical maximum squeezing. This is nearly saturated by
the measured value and corresponds to an almost twofold
scan rate enhancement relative to optimal unsqueezed
operation.
RESULTS
Using the SSR apparatus described above, we probed
over 70 MHz of well-motivated parameter space [2, 3]
in half the time that would have been required for un-
squeezed operation, saving approximately 100 days of
scanning. Initial data acquisition occurred from Septem-
ber 3 to December 17, 2019, covering 4.100–4.178 GHz
and skipping a TE mode at 4.140–4.145 GHz which does
not couple to the axion [29]. A total of 861 spectra
were collected, of which 33 were cut due to cavity fre-
quency drift, poor JPA performance, or an anomalous
power measurement in a probe tone injected near cavity
resonance. Analysis of the initial scan data yielded 32
power excesses that merited further scanning, consistent
with statistical expectations [30]. Rescan data were col-
lected from February 25 to April 11, 2020. None of the
power excesses from the initial scan persisted in the anal-
ysis of rescan data. The process of optimizing the SSR
as well as further measurements and calibrations taken
periodically are described in Appendix A.
From this data, we report a constraint on axion masses
ma within the 16.96–17.12 and 17.14–17.28 µeV/c2 win-
dows. Using the Bayesian power-measured analysis
framework [24] described in Appendix B, we exclude ax-
ions with gγ ≥ 1.38×gKSVZγ . Figure 3a shows in greyscale
the prior update (change in probability) Us that the axion
resides at any specific location in parameter space, with
the solid blue line showing the coupling where Us = 10%
at each frequency. The aggregate update U (blue curve
in Fig. 3b) to the relative probabilities of the axion and
no-axion hypotheses corresponds to exclusion at the 90%
confidence level over the entire window at the coupling
where U = 10%. The results from our quantum-enhanced
data run are shown alongside other axion haloscope ex-
clusion curves in Fig. 3c, including previous HAYSTAC
results [6, 18], which operated a single JPA near the
quantum limit.
CONCLUSION
With these results, the HAYSTAC experiment has
achieved a breakthrough in sensitivity by conducting a
sub-quantum-limited search for new fundamental par-
ticles. Through the use of a squeezed state receiver
FIG. 3. Axion exclusion from this work. (a) Prior updates Us
in greyscale in the two-dimensional parameter space of axion
frequency νa and coupling gγ are achieved with a Bayesian
analysis framework [24]. The 10% prior update contour is
shown in solid blue. The corresponding 90% aggregate exclu-
sion level of 1.38 × gKSVZγ is shown as dashed blue. (b) The
frequency-resolved Us are combined into a single aggregate
prior update U as a function of coupling gγ over the entire
frequency range covered by the dashed blue line in (a). (c)
Results of this work are shown alongside previous exclusion
results from other haloscopes (see Ref. [31]). The QCD axion
model band [32] is shown in yellow, with the specific KSVZ
[25, 26] and DFSZ [33, 34] model lines shown as black dashed
lines.
which delivers 4.0 dB of off-resonant noise variance re-
duction relative to vacuum, we have demonstrated record
sensitivity to axion dark matter in the 10µeV/c2 mass
decade. This work demonstrates that the incompatibility
between delicate quantum technology and the harsh and
constrained environment of a real search for new parti-
cle physics can be overcome: in this instance in an ax-
ion haloscope requiring efficient tunability and operation
in an 8 T magnetic field. As intense interest in quan-
tum information processing technology continues to drive
transmission losses downward, quantum-enhanced mea-
surement will deliver transformative benefits to searches
for new physics. In particular, the prospect of removing
nonreciprocal signal routing elements [35] would boost
transmission efficiencies above 90%, yielding a greater-
than-tenfold scan rate increase beyond the quantum limit
[1].
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Appendix A: EXPERIMENTAL OPERATIONS
The HAYSTAC experiment, shown schematically in
Fig. 4, takes place in an LD250 BlueFors dilution re-
frigerator (with base temperature 61 mK) attached to an
8 T solenoidal magnet with a counterwound bucking coil.
The cavity sits at the center of the high-magnetic field
region, has volume VC = 1.5 L, unloaded quality factor
Q0 = 2piνc/κl = 47000 ± 5000, and TM010 mode form
factor C010 ≈ 0.5. The cavity has two antenna ports
[36]. The first is a weakly coupled port used to input
microwave tones to monitor gain stability and measure
the cavity transmission profile. The second is a strongly
coupled port which is used to read out from the cavity
and for VNA scattering parameter measurements. The
coupling of the coaxial antenna is mechanically actuated
with a stepper motor. The two JPAs that comprise the
SSR are held above the cavity inside a four-layer shielding
can (niobium, Amumetal 4K, aluminum, Amumetal 4K;
listed from inside to outside), surrounded by three super-
conducting bucking coils. This shielding is sufficient to
reduce the flux through each of the JPAs’ SQUID loops
to much less than one magnetic flux quantum, a roughly
millionfold decrease in field strength from the high-field
region 1 m below. Inside the shielding can, each JPA has
a current bias coil used to tune its resonant frequency.
We tune the cavity by rotating an off-axis copper-plated
tuning rod which occupies approximately one quarter of
the cavity’s volume using an Attocube ANR240 piezo-
electric motor.
The experiment is operated in a series of discrete tun-
ing steps. At each, we actuate the piezo to tune the
TM010-like cavity mode, then extract the cavity reso-
nance νc, loaded quality factor QL = 2piνc/(κm + κl),
and coupling factor β using pairs of VNA measurements
taken in transmission and reflection. In order to center
the amplification and analysis bands on cavity resonance,
we use a single microwave generator and a frequency di-
vider to set the two JPA pump frequencies to 2νc and
the local oscillator used for homodyne measurement to
νc. We set the gain of the AMP to GA ≈ 28 dB by
adjusting the microwave generator amplitude and bias
coil current. Then, the relative pump phase θ and am-
plitude are optimized to maximize squeezing using an
electronically actuated variable phase shifter and attenu-
ator. Axion-sensitive voltage fluctuations VX(t) are col-
lected for τ = 3600 s in 720 5 s chunks. These chunks are
further broken down into 10 ms segments before being
Fourier transformed, having their PSDs computed, and
being added to a running average. Each power spectrum
then encompasses 3600 s worth of data and is truncated
to the analysis band of approximately 3 MHz centered on
the cavity frequency.
To characterize our sensitivity to the axion, we per-
form calibrations once every nine tuning steps. The first
step in our calibration protocol is a set of three power
spectrum measurements to determine two experimental
parameters: the noise spectral density
Nc0 =
1
2
(
1
2
+
1
ehν/kBT − 1
)
=
1
4
coth
(
hν
2kBT
)
(A1)
generated within the cavity before being filtered by the
cavity transmission profile, and the squeezing Gs(ν) in-
ferred at the output of the SQ. Measurement 1 is taken
off cavity resonance with the squeezer turned off. Mea-
surements 2 and 3 are taken on cavity resonance with
the squeezer turned on and off respectively. From mea-
surements 2 and 3 we infer a typical Gs ≈ 0.1, which
corresponds to slightly less than the 4.0 dB of squeezing
obtained in our off-resonant measurement of Fig. 2. From
measurements 1 and 3 we calculate Nc0 = 0.41 ± 0.02
quanta, larger than the Nf = 0.27 quanta expected in
thermal equilibrium with the cryostat base plate, due to
imperfect thermalization of the tuning rod. Because of
this resonant excess over the noise sourced by the 50Ω
termination at the SQ input, which does equilibrate to
the base temperature, the coupling of the strong port
has to be set to slightly higher than twice the delivered
squeezing S. Given this excess cavity noise, the optimal
overcoupling for S = 0.40 is β = 7.1 instead of β = 4.5.
Without squeezing, the optimal overcoupling in the pres-
ence of excess cavity noise is β ≈ 2.8, slightly higher than
the value β = 2 plotted in Fig. 2. Fully accounted for,
the cavity Johnson-Nyquist noise has negligible effect on
the scan rate enhancement achieved via squeezing.
The second calibration measurement is a thermal
calibration similar to the protocol used in previous
HAYSTAC results [6, 16], with a cold load at the dilu-
tion refrigerator base temperature and hot load main-
tained at 333 mK (monitored by a Magnicon SQUID-
based temperature sensor). This gives us the frequency-
dependent, single-quadrature system added noise NA(ν)
referred to the input of the AMP. In our previous work,
phase-insensitive JPA operation required the addition of
NA ≥ 1/4 quanta per quadrature. Now, operating in
phase-sensitive mode, we calculate the system noise re-
ferred to the AMP input to be NA = 0.03± 0.02 quanta
averaged over the analysis band. These calibrations, to-
gether with system loss measurements taken ex-situ, pro-
vide an accurate measurement of the total noise against
which an axion signal must be measured.
6FIG. 4. Simplified HAYSTAC experimental diagram. A single signal generator provides the local oscillator (LO) tone as well
as the tones for pumping both JPAs (box with three x’s). Each JPA has two ports: one for the input of probe tones and one
where the signal is input/output. The LO is set at half the pump frequencies via a frequency divider, and the relative phase
and amplitude of the pump tones are set using a variable phase shifter and attenuator on the SQ pump line. Switches in the SQ
and AMP pump lines (not shown) are used to toggle the JPAs on and off. Microwave circulators route signals nonreciprocally
in order to realize the time-sequence of operations illustrated in Fig. 1. Circulators with a 50Ω termination on one port act as
isolators, shielding upstream circuit elements from unwanted noise coming from further down the measurement chain. During
data acquisition and calibration measurements, signal and noise emitted from and reflected off the cavity are amplified by a
HEMT amplifier at 4 K, fed into the RF port of an IQ mixer and mixed down to an intermediate frequency, digitized (ADC),
and read into the computer (PC) where the PSD is calculated. The cavity’s Lorentzian profile is monitored with reflection and
transmission measurements taken using a vector network analyzer (VNA), for which a portion of the output is split off before
the mixer. A switch that toggles between a hot (333 mK) and cold (61 mK) 50Ω loads is used for calibration measurements
described in the text.
Appendix B: DATA ANALYSIS
Our data processing largely follows Ref. [30], and our
analysis framework is that of Ref. [24]. The processing
and analysis were separately performed by two semi-
independent analysis teams at JILA and Yale, ultimately
agreeing within 1% on the couplings excluded. The re-
sults presented in Fig. 3 are the average of the two anal-
yses.
Coarse spectral structure and non-axionic power ex-
cesses are separately removed in both the intermediate
frequency band (IF, DC–MHz) and the radio frequency
band (RF, GHz). After cutting spectra as discussed in
the main text, we average the spectra in the IF band in
order to extract shared non-axionic structure and power
excesses. We then remove remaining spectral structure
wider than the axion (∼ 9 kHz) from each individual
spectrum and perform cuts only on highly anomalous
spikes which do not behave as axions in the RF band.
Structure removal in both the IF and RF bands is done by
dividing out Savitzky-Golay filters, equivalent to polyno-
mial generalizations of moving averages in the frequency
domain [30]. The remaining processed spectra consist
of Gaussian-distributed noise with mean µ = 0 (in the
case that no axion is present) and standard deviation
σ = 1/
√
∆bτ = 0.0017, where ∆b = 100 Hz is the Fourier
bin size. Using maximum likelihood weights determined
from the noise calibrations of the previous section and
the parameters that determine axion signal power, we
add these spectra together to produce a single combined
spectrum. We then coadd groups of adjacent frequen-
cies, taking into account the virialized axion lineshape,
to yield the final grand spectrum.
To test for the presence of an axion signature in the
grand spectrum, we use the Bayesian power-measured
analysis framework of Ref. [24]. The framework consti-
tutes a straightforward application of Bayes’ theorem
which uses both experimental sensitivity to the axion ηi
(defined as the signal-to-noise ratio for an axion with
coupling strength gγ = 1) and actual excess power xi
measured at each frequency bin i to test for the pres-
ence or absence of the axion, taking advantage of the full
information content of the measurement.
The single-frequency, single-scan prior updates ui are
defined as the change in probability of the axion existing
at the ith grand spectrum bin due to the grand spectrum
power xi measured there. This reduces to the ratio of
the no-axion Ni and axion Ai distributions, well approx-
imated as Gaussian with σ = 1 and µ0 = 0 (no-axion) or
µa = g
2
γ,iηi (axion), evaluated at xi:
ui =
P
(
xi
∣∣Ai)
P
(
xi
∣∣Ni) = exp
[
− µ
2
a,i
2
+ µa,ixi
]
. (B1)
7We multiply the updates from rescans onto the corre-
sponding bins’ initial scan updates to get the total up-
dates Ui for each frequency bin. The resulting aggregate
prior update,
U(gγ) = 1
N
N∑
i=1
Ui(gγ), (B2)
which fully accounts for the look-elsewhere effect, falls
below 10% at gγ = 1.38 × gKSVZγ for the 4.100–4.140
and 4.145–4.178 GHz combined frequency range shown
in Fig. 3. In other words, the probability of an axion
existing in our scan window at or above 1.38× gKSVZγ has
decreased at least 90% as a result of our measurement.
This corresponds to exclusion at the 90% confidence level
in the sense reported in e.g. Ref. [18] (see Appendix A of
Ref. [24]). Finally, the subaggregated updates Us shown
in Fig. 3a apply the aggregation formula, Eq. (B2), to 100
independent windows each covering 1% of the width of
the exclusion plot.
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